Abstract. This study determined the physical, compressional, and binding properties of neem gum (NMG) obtained from the trunk of Azadirachta indica (A Juss) in a paracetamol tablet formulation in comparison with official Acacia gum BP (ACA). The physical and flow properties were evaluated using density parameters: porosity, Carr's index, Hausner's ratio, and flow rate. Compressional properties were analyzed using Heckel and Kawakita equations. The tensile strength, brittle fracture index, and crushing strength-friability/disintegration time ratio were used to evaluate the mechanical properties of paracetamol tablets while the drug release properties of the tablets were assessed using disintegration time and dissolution times. Tablet formulations containing NMG exhibited faster onset and higher amount of plastic deformation during compression than those containing ACA. Neem gum produced paracetamol tablets with lower mechanical strength; however, the tendency of the tablets to cap or laminate was lower when compared to those containing ACA. Inclusion of NMG improved the balance between binding and disintegration properties of paracetamol tablets produced than those containing ACA. Neem gum produced paracetamol tablets with lower disintegration and dissolution times than those containing ACA.
INTRODUCTION
Binders are employed in pharmaceutical tablet formulations to provide adequate mechanical properties by promoting the bonding existing between the different components of a powder mix in a formulation thereby enhancing the strength of the eventual tablet produced (2, 16, 25) . Various natural, synthetic, and semi-synthetic substances such as starches, celluloses, and gums have been employed in pharmaceutical tablet formulations as binders (2, 4, 25) . Gum is an example of hydrophilic substances employed in pharmaceutical solid dose formulations mainly as binders and directly compressible excipients (26) .
Although previous studies have evaluated neem gum in one form or the other as a tablet binder (9, 25, 30) , suspending and film coating agent (19, 30) , or as a directly compressible excipient (26) , the present study assessed the activity of neem gum as a binder by evaluating various properties of the granules and tablets prepared with the gum. The flow and compressional properties were used in evaluating the granules while the tablets were assessed by the mechanical property, crushing strength-friability/disintegration time ratio (CSFR/DT) and in vitro drug release profile.
The flow property of the granules was determined using the Hausner's ratio, Carr's index, and flow rate. In evaluating the compression data, Heckel and Kawakita and Ludde equations (11, 17) were used, while tensile strength and brittle fracture index (BFI) were used to analyze the mechanical properties of the paracetamol tablets. The CSFR/DT was used to evaluate the tablet quality by assessing the balance between the strength and weakness of the paracetamol tablets.
The mechanical properties of tablets can be evaluated by measuring the bond strength using tensile strength (T) and lamination tendency using the BFI values. The BFI, which is calculated from the tensile strength of tablets with (the hole acting as a stress concentrator within the tablet) and without holes according to Eq. 7, measures the localized stress relief within tablets, the tendency of a tablet to cap or laminate. The BFI value ranges from 0 to 1, with values approaching unity indicating the propensity of the tablet to cap or laminate while values tending toward zero indicate the propensity of the material to relief localized stress (6, 8, 12, 14, 15, 24, 27) .
The CSFR/DT or disintegration efficiency ratio of a tablet has been suggested and used as a better index of measuring tablet quality through the simultaneous evaluation of the tablet strength (crushing strength) and weakness (friability). It also evaluates the negative effects of these parameters (tensile strength and friability) on DT (6), while also assessing the usefulness of a binder in a formulation. A higher CSFR/DT value suggests a better balance between binding and disintegration properties (31) . Paracetamol powder was chosen for this study because of its poor compressibility properties which therefore requires a binding agent in order to form good quality tablets.
MATERIALS AND METHODS

Materials
The materials used were paracetamol BP (BDH Ltd., Poole, England), rice starch BP and lactose BP (AB Knight and Co., London, UK), sodium chloride (BDH Ltd., Poole, England), acetone and 99.8% ethanol (Sigma-Aldrich Laborchemikalien GMBH, 30926 Seelze, Germany), Acacia gum BP (Hopkin and Williams Chadwell, Heath Essex, England), and neem gum obtained from the incised trunk of Azadirachta indica (A. Juss) tree at the Obafemi Awolowo University, Ile-Ife, Nigeria.
Methods
Collection and Purification of Neem Gum
Crude neem gum was collected from the incised bark of A. indica trees at the Obafemi Awolowo University premises. The collected neem gum was hydrated in sufficient amount of distilled water for 5 days with intermittent stirring, and extraneous materials were removed by filtering using a Buchner funnel under negative pressure. The gum from the filtered slurry was precipitated with 99.8% ethanol; the precipitated gum was filtered, washed several times with acetone, and dried in a hot air oven at 30°C for 96 h before milling and sieving with a mesh no. 60 (250 μm) and then stored in an amber-colored bottle until needed.
Preparation of Paracetamol Granules
The wet granulation method of massing and screening was employed. Batches (200 g) of a basic formulation of paracetamol (90%, w/w), rice starch (4%, w/w), and lactose (6%, w/w) were dry mixed for 5 min in a Hobart planetary mixer (Hobart Canada Inc., Don Mills, ON, Canada) and then moistened with appropriate amounts of binding solution to produce granules containing different concentrations of neem gum or Acacia gum according to the formulae in Table I . Massing was continued for 5 min after which the wet masses were passed manually through a no. 12 mesh sieve (1,400 μm) to granulate the wet masses. The granules were dried in a hot air oven for 24 h at 50°C and re-sieved through a no. 16 mesh (1,000 μm). The degree of granule mixing was then determined by spectrophotometric assay of paracetamol at 249 nm and was found to be >0.95. Particle densities were determined with acetone as the displacement fluid.
Determination of Moisture Content
The moisture content of the formulation, determined with an Ohaus moisture balance (Ohaus Scale Corporation, Pine Brook, NJ, USA), was between 0.6 and 2.0% (w/w).
Flow Characterization of Paracetamol Granules
The Hausner's ratio of the granules determined as the ratio of the initial bulk volume to the tapped volume was obtained by applying 100 taps to 30 g of each paracetamol granule batches in a graduated cylinder at a standardized rate of 38 taps per minute (26) . The Carr's index was obtained from the relationship [(tapped density−bulk density)/tapped density]×100. The flow rate of the granule was determined from the time t; it took 30 g of the granule to pass through the orifice of an Erweka flow rate meter (Erweka Apparatebau GmbH, Heusenstamm, Germany). The determinations were done in quadruplicate.
Determination of Compressional Properties
Heckel equation, which is generally used for relating the relative density, D, of a powder bed during compression to the applied pressure, P, is written as
where the slope of the straight-line portion, k, is the reciprocal of the mean yield pressure, P y , of the material. The P y is inversely related to the ability of a material to deform plastically when compressed. The relative density, D A , can be calculated from the intercept, A, according to Eq. 2 (13) .
The D o describes the initial rearrangement phase of densification as a result of die filling at applied pressure zero while D B , which describes the phase of rearrangement at low pressures, is shown in Eq. 3.
The degree of powder volume reduction, C, as described by Kawakita equation is shown in Eq. 4.
The equation can be rearranged to give P/C=P/a+1/ab, where a and b are constants which describes the initial porosity of the powder material before compression and the plasticity of the material, respectively. The initial relative density of the material, D i , is calculated from the expression (1−a). The D i explains the packed initial relative density of tablets upon application of small pressures like tapping. The load needed to reduce the powder bed by 50%, P k , is calculated from the reciprocal of b (7, 20, 29) . The P k is an inverse measure of the amount of plastic deformation occurring during compression.
Preparation of Paracetamol Tablets
Tablets weighing 555 mg each were prepared from the 250 to 710 μm size fractions of granules by compressing them for 30 s with predetermined loads on a Carver hydraulic hand press (Model C, Carver Inc., Menomonee Falls, WI, US). Before each compression, the die (12.5 mm diameter) and the flat-faced punches were lubricated with a 2% (w/w) dispersion of magnesium stearate/talc (1:1) in acetone. After ejection, the tablets were stored over silica gel for 24 h to allow for elastic recovery and hardening and to prevent falsely low-yield values. Their weights (w) and dimensions were then determined within ±1 mg and 0.01 mm, respectively, and their relative densities (D) were calculated by using the following equation:
where V t is the volume (in cubic centimeters) of tablet and ρ s is the particle density (in grams per cubic centimeter) of the granules. The porosity of the granules was determined from the expression 1−D.
Determination of Crushing Strength, Friability, and Tensile Strength of Paracetamol Tablets
A digital Erweka hardness tester (G.B. Caleva, Dorset, England, Typ: THT10) was used at room temperature to determine the load (F) required to diametrically break the tablet (crushing strength) into two equal halves. Tablets with signs of lamination and capping were not used. The friability of the tablets was determined with a Roche friabilator (Erweka Apparatebau, Germany) operated at 25 rev/min for 4 min. The mean of four determinations was taken for the crushing strength and friability values.
The tensile strength (T) of the normal tablets and apparent tensile strength (T o ) of tablets containing a hole were calculated using Eq. 6.
where T (or T o ) is the tensile strength of the tablet (in meganewtons per square meter), F is the load (in meganewtons) needed to cause fracture, d is the tablet diameter (in meters), and t is tablet thickness (in meters). Results were taken from tablets which split cleanly into two halves without any sign of lamination. All measurements were made in quadruplicate. The BFI of the tablets were then calculated using Eq. 7:
Determination of Disintegration Time of Paracetamol Tablets
The DT of the paracetamol tablets were determined in distilled water at 37±0.5°C in a BP Manesty six station disintegration test unit (Manesty Machines Limited, Liverpool, UK). Tablets were placed on the wire mesh just above the surface of the distilled water in the disintegration unit tube. The time taken for each tablet to disintegrate and all the 
In Vitro Dissolution Test
The dissolution rate of the paracetamol tablets was determined according to the Rotating Basket (USP Apparatus I) method using 900 mL of distilled water as the dissolution medium. The dissolution test was performed at 100 rpm at a temperature of 37±0.5°C. Five-milliliter samples of dissolution medium were removed at predetermined time intervals and replaced with equal volume of fresh dissolution medium at the same temperature. Sampling was done for 1 h. The absorbances of the samples withdrawn were determined spectrophotometrically at 249 nm, and the concentration of drug in each sample was determined from the Beer-Lambert plot of pure paracetamol powder. The determination was carried out in triplicate.
Statistical Analysis
The results obtained were subjected to a one-way analysis of variance to test if any significant effect exists between binder type, binder concentration, compression pressure, and the test parameters. Table II shows the results of density and flow parameters of paracetamol granules. The granule density values were generally higher than the bulk and tapped density for all the paracetamol granule formulations. This result is expected as the granule density determination does not include the intraand inter-granular voids present in the bulk volume. The bulk density of the paracetamol granules decreased with increase in the concentration of NMG while there was an increase for paracetamol granules containing ACA with increase in concen- tration. This could be due to the mean granular size of the paracetamol formulations and increase in concentration of NMG which led to the formation of large irregularly shaped granules forming more arches and bridges, thus a decrease in packing per unit space while the increase in concentration of ACA led to the formation of smaller granules causing an increase in packing per unit space (1, 29) . The result also shows a decrease in porosity with increase in binder concentration for both paracetamol tablets containing NMG and ACA. The reduction observed suggests that increase in binder concentration led to a reduction in pockets of unwanted air vacuoles present in the granulation (34) . The flow descriptors HR, CI, and FR values of the paracetamol granules (Table II) Table III . The D o values of paracetamol granules containing NMG were lower at all concentrations than those containing ACA at all concentrations. This suggests that ACA facilitated a higher initial packing of the granules in the die at all concentrations. The D B represents the phase of rearrangement of particles at low pressure; the D B value of paracetamol granule formulations containing NMG increased with increase in binder concentration while it decreased with increasing binder concentration for paracetamol granules containing ACA. This result could be due to high porosity exhibited by granules containing NMG at all concentrations compared to granules containing ACA; this high porosity gives room for extensive rearrangement at low pressures. The P y values decreased with increase in binder concentration for all paracetamol formulations, with formulations containing NMG having lower values compared to ACA. This implies that the onset of plastic deformation of the paracetamol granule formulations containing NMG was faster than those containing ACA.
RESULTS AND DISCUSSION
Representative Kawakita plots for paracetamol granules containing 3.0% (w/w) of binders are as shown in Fig. 2 . The plots show a linear relationship at all compression pressures with correlation coefficient of 0.999. Kawakita constants, a and b, were calculated from the slope and intercept of the linear plots. The D i values obtained from the expression 1−a decreased with increase in binder concentration for paracetamol granules containing NMG while it increased with increase in binder concentration for paracetamol granules containing ACA. The D i values were higher than the corresponding values of D o because D o describes the loose initial relative density of the batches due to die filling while D i measures the packed initial relative density of the granules on application of small pressure such as tapping (24, 29) .
The P k values generally decreased with increase in binder concentration for all paracetamol formulations. This suggests that the increase in binder concentration made the granules softer and also improved plastic deformation under pressure; materials that are soft and readily deform under pressure generally have low values of P k (3, 5) . However, the P k values of paracetamol granule formulation containing NMG are lower than those containing ACA at all concentrations. This suggests that paracetamol granules containing NMG are softer and readily deformed plastically under pressure when compared to granules containing ACA. Although flow indicators HR and CI of the formulations are below the 1.2 and 20% standards, respectively, formulations containing ACA as binder have lower HI and CI values and higher FR values than those containing NMG at higher concentrations. This result could be explained by the D i and P k values of paracetamol granule formulations containing NMG which are considerably lower than those containing ACA; studies have suggested that higher values of D i and small values of P k indicate good flowability and small cohesiveness, respectively (28). The P y , which is different from P k , explains the onset of plastic deformation during compression, while P k explains the total amount of plastic deformation occurring during the compression process. Thus, the present result suggests that the use of NMG as a binder facilitated a fast onset of plastic flow and enhanced the total amount of plastic deformation occurring in the paracetamol granules when compared to ACA (5). The tensile strength results of the diametrical compression test on the paracetamol tablets with (T o ) or without (T) a hole at their center generally fit the equation:
with correlation coefficient >0.947. A and B are constants, which depended on the nature and concentration of binder present in the formulation and on whether the tablet had a hole in it or not. Representative plots of tensile strength against relative density for paracetamol tablet formulations containing 3.0% (w/w) of NMG or ACA as binder are shown in Fig. 3 . It can be observed that, at all relative densities, the tensile strength of tablets without a hole at their center was generally higher than those with a hole in their center (7, 12) . The values of T for paracetamol formulation batches at relative density 0.90 are as presented in Table IV . The result shows that the T (T o ) generally increases with increase in binder concentration for all paracetamol tablet formulations containing NMG or ACA. Previous studies have shown that the presence of high concentration of plasto-elastic binding agent leads to an increase in plastic deformation of the formulation and consequently leads to the formation of more solid bonds with consequent increase in tablet strength and resistance to fracture (6) and that the degree of bonding depends on the amount of the binding agent present (21) . The effect of gum binder type on T at all concentrations shows that paracetamol tablet formulation containing ACA generally had higher T than those containing NMG. This suggests that inclusion of NMG in a paracetamol tablet formulation would produce weaker tablets when compared to those containing ACA.
The BFI values (Table IV) at relative density 0.90 implies a general decrease as binder concentration increases for all paracetamol tablet formulation. This implies that increase in concentration of gum binder led to a reduction in the propensity of the paracetamol tablets to cap or laminate. This could be due to the presence of binder at the interparticulate junctions which facilitated plastic deformation for the relief of localized stresses (2, 10) . The result also shows that at all concentrations and relative density of 0.90, the BFI of paracetamol tablets containing NMG was lower than those containing ACA. This suggests that although the inclusion of NMG as a binder in a paracetamol tablet formulation may not necessarily enhance the strength of the tablet when compared to ACA, however, the tendency of the paracetamol tablets to cap or laminate would be reduced when compared to using ACA.
The crushing strength values of paracetamol tablets containing different concentrations of NMG or ACA at a relative density 0.90 are as presented in Table V . There was a general increase in crushing strength with increase in gum binder concentration. This result is expected because increase in binder concentration has been shown to increase particleparticle contact points resulting in the creation of more solid bonds; hence, higher crushing strength values were obtained. Increase in relative density also led to increase in crushing strength of all paracetamol tablet formulations as shown in Fig. 4 . Increase in packing fraction (relative density) has also been shown to decrease intra-granular and inter-granular voids, causing breakage of granules and creating more contact points leading to an increase in the degree of bonding between the particles (10).
The result in Table V and Fig. 5 shows that friability decreases with increase in crushing strength, binder concentration, and relative density. This could be due to the same reasons for the increase in crushing strength. The result in Table V and Fig. 6 shows the effect of binder concentration and relative density on disintegration time of paracetamol tablets containing NMG or ACA. An increase in binder concentration and relative density led to a significant (F (2, 15) = 21.019, p<0.005) increase in disintegration time. Natural gums, when used as binder in a tablet formulation, form a viscous mucilaginous film/barrier as tablet comes in contact with disintegrating fluid. This film/barrier reduces the penetration of disintegrating fluid into the tablet core consequently increasing the disintegration time of the tablets. In addition, the simultaneous increase in relative density which leads to a decrease in tablet porosity further slows down penetration of the disintegrating fluid into the tablets. This ultimately leads to retarded swelling and slow creation of active disintegration mechanisms, consequently leading to increased disintegration time (2, 6, 33) . Also, there was a significant effect of binder type on DT at 1.0% (w/w) (F (1, 5) =81.963, p=0.001), 3.0% (w/w) (F (1, 5) =0.129, p<0.0005), and 5.0% (w/w) (F (1, 5) =0.329, p<0.0005) binder concentrations. The DT value of the paracetamol tablet formulations at all concentrations was higher (Table V) generally increased with increase in binder concentration for all paracetamol tablet formulations. However, the CSFR/DT values of paracetamol tablets containing NMG were higher than those containing ACA, suggesting that the use of NMG as a binder would produce a better balance between binding and disintegration properties of a paracetamol tablet formulation than ACA binder.
Representative plots of cumulative percent paracetamol released against time for tablets containing 3.0% (w/w) NMG or ACA are as shown in Fig. 7 . The values of t 20 and t 40 (time taken for 20% and 40% of paracetamol to be released) were calculated from the plots for formulations containing 1.0% (w/w), 3.0% (w/w), and 5.0% (w/w) of NMG or ACA at relative density of 0.90 and are presented in Table VI . The result shows that t 20 (F (2, 15) =24.743, p<0.0005) and t 40 (F (2, 15) =92.405, p<0.0005) values significantly increased with increase in binder concentration for all paracetamol tablet formulation batches. This result could also be due to the formation of thicker film/barrier around the tablets with increase in binder concentration which affected the disintegration of the tablet and consequently the release rate of paracetamol from the tablet. Although the t 20 and t 40 values are generally lower for paracetamol tablets containing NMG, suggesting a faster release of the specified amount of paracetamol from the tablets than those containing ACA, however, at 3.0% (w/w) binder concentration, there was a significant effect of binder type on t 40 (F (1, 5) =14.164, p=0.020) while on t 20 (F (2, 5) =2.612, p>0.05), there was no significant effect; at 1.0% (w/w) binder concentration, there exists a significant effect of binder type on t 20 (F (1, 5) =115.478, p<0.0005) and t 40 (F (1, 5) =9.761, p=0.035); at 5.0% (w/w), there was also a significant effect of binder type on t 20 (F (1, 5) =0.359, p<0.0005) and t 40 (F (1, 5) =0.105, p<0.0005). 
